Batch experiments were conducted to examine the effects of ferrous iron source, soil salinity of 20 temperature on degradation of long-chain petroleum hydrocarbons by Fenton-like processes. The 21 results show that over 70%, 50% and 25% of aliphatic C16-C21, C21-C35 and C35-C40, 22 respectively, was eliminated at a H 2 O 2 dose of 1.5%. The decomposition rate of petroleum 23 hydrocarbons was similar to each other for ferrous sulfate and magnetite while the capacity of pyrite 24 to trigger Fenton-driven decomposition of long-chain aliphatic petroleum hydrocarbons was weaker, 25 as compared to ferrous sulfate and magnetite. The decomposition rate of aromatic hydrocarbons 26 decreased with increasing length of carbon chain in the ferrous sulfate and magnetite systems, but the 27 opposite was observed in the pyrite system. The effect of Fenton-like process on degradation of long-28 chain petroleum hydrocarbons was enhanced by increased temperature. At a temperature of 60 o C, the 29 enhancement of Fenton process outweighed the adverse effects from potential loss of H 2 O 2 due to 30 elevated temperature. The use of magnetite as a source of ferrous iron was likely to prevent 31 consumption of Fe 2+ by complexation with chloride ion from occurring and consequently effectively 32 eliminated the inhibitory effect of salinity on Fenton reaction. 33
1
Introduction 41
The use of petroleum as a major source of energy supply in the past decades has resulted in 42 widespread soil contamination around the world (Hall et al., 2003; Vieira et al., 2007; Safdari et al., 43 2018) . This prompts increasing effort to develop methods for cleaning up petroleum hydrocarbon-44 contaminated soils. Bioremediation is thought to be a cost-effective method for remediating 45 petroleum hydrocarbon-contaminated soils (Varjani et al., 2017; Li et al., 2018) . However, the 46 operation of bioremediation requires favourable environmental conditions for the hydrocarbon-47 degrading microbes. In desert areas where soil moisture and nutrients are lacking, microbially 48 mediated degradation of petroleum hydrocarbons is generally inhibited. High soil salinity and 49 temperature can also be limiting factors for soil bioremediation (Rhykerd et al., 1995; Margesin et 50 al., 2001; Zhu et al., 2017) . To allow bioremediation to be operated in these areas, manipulation of 51 growing environments for microbial degraders such as supply of fresh water, cooling, fertilization 52 and de-salinization of soil is required. This could add markedly to the operational costs associated 53 with bioremediation and make it economically unviable. 54
Alternatively, advanced oxidation methods based on Fenton or Fenton-like process may have 55 advantage over bioremediation for treatment of petroleum hydrocarbon-contaminated soils in desert 56 areas given that no highly environment-sensitive biota are involved in these treatment processes. 57
While advanced oxidation is a well-established method for degradation of organic molecules (Bissey  58   et Yunkai Powder Co., Ltd. and Guotao Mine Product Trade Co., Ltd., respectively. 74
Artificially contaminated soils 75
The synthetic petroleum hydrocarbon-contaminated soils were formulated by thoroughly 76 mixing quartz sands (<38 µm) with a range of long-chain hydrocarbon species purchased from 77 Sigma-Aldrich. This artificially contaminated soil contained 5000 mg/kg of eicosane (purity: 99 %), 78 6500 mg/kg of tetracosane (purity: 99 %), octacosane (purity: 99 %) and dotriacontane (purity: 97 79 %), 3000 mg/kg of hexatriacontane (purity: 98 %), 5000 mg/kg of naphthalene (purity: 99 %), 80 acenaphthene (purity: 99 %), phenanthrene (purity: 98 %) and pyrene (purity: 98 %). 81
Experiment 1: Comparison between different ferrous iron-containing materials 82
A batch experiment was conducted to compare the effects of ferrous sulfate, pyrite and 83 magnetite on the decomposition of the hydrocarbons in the synthetic soils. For each ferrous iron-84 containing material, one control and three treatments were set. The ingredients for the controls and 85 various treatments are given in Table 1 . 100 mL plastic bottles were used as batch reactors. After 86 placing all the solid components in the batch reactor, 50 mL of a relevant H 2 O 2 solution was added 87 into the reactor. The reaction was allowed to proceed until the reaction was completed, as indicated 88 by no visible gas bubbles being observed. The soil was then freeze-dried using a 40 freeze-dryer. 89 
Experiment 2: Effects of salinity and temperature on degradation reaction 93
For this experiment, only magnetite was used. The dose of H 2 O 2 was also fixed to 1.5%. The 94 amount of contaminated soil and magnetite used in the experiment was the same as in Experiment 1. 95 Two levels of salinity and two levels of temperature were set, as shown in Table 2 . 100 mL plastic 96 bottles were used as batch reactors. After placing all the solid components in the batch reactor, 50 97 mL of H 2 O 2 solution was added into the reactor. The reaction was allowed to proceed in two ovens 98 with one set at 35°C and another set at 60°C. After the reaction was completed, as indicated by no 99 visible gas bubbles being observed. The soil was then freeze-dried using a 40 freeze-dryer. 100 101 102 
Analytical Methods 105
The petroleum hydrocarbons contained in the soils were extracted with dichloromethane. 106
Impurities are removed from the extract with sodium sulfate and silica. The aliphatic and aromatic 107 fractions are separated using solid-phase extraction techniques. Additional clean-up for the extract 108 was performed by passing the solution through a membrane filter. The filtrate was treated with 15 g 109 of acid silica in a clean round bottom flask placed on a rotary evaporator with no heat for 30 min. 110
The solution is then analyzed using a capillary gas chromatography with flame ionization detection 111 (GC/FID) method (Weisman, 1998) . The analysis was performed in an accredited commercial 112 analytical laboratory (Concept Life Sciences Analytical & Development Services Limited). 113
QC/QA and Statistical analysis 114
Analytical quality control is maintained by a number of measures. Multi-point calibration was 115 performed with authentic standards (with defined minimum performance characteristics). 116 Independent standards, matrix spikes or reference materials were used for each analytical batch. 117
Statistical significance analysis was performed using One-way ANOVA (SPSS22.0). 118
Repeatability analysis shows that the mean RSD was 4.79% for aliphatic C16-C21 fraction, 4.92% 119 fraction, 3.14% for C12-C16 fraction, and 3.06% for aromatic C16-C21 fraction. 121 3
Results 122
Various Residual Aliphatic Hydrocarbons Using Different Fe 2+ source 123
For the C16-C21 fraction, there was no significant difference among the three controls (CFS, 124 CM and CP). For each of the 3 Fe 2+ sources, there was a clear trend that the residual hydrocarbon 125 decreased with increasing H 2 O 2 dose at a statistically significant level (p<0.05) except for CP vs T1P 126 where no statistical significance was observed (Table 3) . 127 (1.5%), the residual hydrocarbon was higher in pyrite treatment than in the magnetite treatment. 136 increasing H 2 O 2 dose for all the three ferrous iron sources (Table 3) . 138
Like the C16-C21 fraction, there was no significant difference among the three controls (CFS, 139 CP and CM) for the C35-C40 fraction. However, for the 0.5% H 2 O 2 dose, the residual hydrocarbon 140 showed the following decreasing order: T1P > T1FS > T1M. There was no significant difference in 141 residual hydrocarbon between the two higher H 2 O 2 doses (1.0% and 1.5%) for all the three ferrous 142 iron sources. By comparison, the concentration of residual hydrocarbon tended to be higher in pyrite 143 treatment than in the other two ferrous iron sources (significant at p<0.05) (Table 3) . 144
Various Residual Aromatic Hydrocarbons Using Different Fe 2+ source 145
The concentration of the C10-C12 fraction tended to be higher in the pyrite treatment system 146 than in the other two systems for any of the three levels of H 2 O 2 doses with statistically significant 147 difference being observed for most of the situations (Table 4) . 148 For the C12-C16 fraction, there was no significant difference among the three controls. While 153 the concentration of residual hydrocarbon tended to be higher in the pyrite system than in the two other systems at the H 2 O 2 dose of 0.5% and 1.0%, the opposite was observed at the H 2 O 2 dose of 155 1.5%, showing that the concentration of residual hydrocarbon was significantly lower in the pyrite 156 system than in the other two systems (Table 4) . 157
In contrast with C10-C12 fraction, the concentration of C16-C21 fraction tended to be 158 significantly lower in the pyrite system than in the other two systems at any of the H 2 O 2 dosage 159 levels (Table 4) . 160
Various Residual Aliphatic Hydrocarbons under Different Temperature and Salinity 161
Conditions 162
In general, the concentration of aliphatic hydrocarbon was significantly lower in the treatment 163 than in its respective control for all the three fractions (C16-C21, C21-C35 and C35-C40). However, 164 different distribution patterns were observed for each individual fraction. For the C16-C21 fraction, 165 there was no significant difference among the four controls. At the same temperature condition, the 166 concentration of residual hydrocarbon was lower at the lower salinity level than at the higher salinity 167 level. At the same salinity level, the concentration of residual hydrocarbon was lower at a lower 168 temperature than at a higher temperature ( Fig. 1a) . CT60S3.0 than in other controls. There was no significant difference in residual hydrocarbon among 180 TT35S1.5, TT35S3.0 and TT60S1.5. However, TT60S3.0 was significantly lower than any other 181 treatments (Fig. 1b) . 182
For the C35-C40 fraction, there was no significant difference among the four controls. At the 183 same salinity level, the concentration of residual hydrocarbon was lower at 60 o C than at 35 o C. There 184 was no significant difference in the residual hydrocarbon between the two 35 o C treatments with 185 different salinity. However, for the two 60 o C treatments, the residual hydrocarbon concentration was 186 lower at the higher salinity than at the lower salinity ( Fig. 1c) . 187
Various Residual Aromatic Hydrocarbons under Different Temperature and Salinity 188
Conditions 189
There was no significant difference among the four controls for any of the aromatic 190 hydrocarbon fractions. For C10-C12 fraction, no residual hydrocarbon was detected for all the 191 treatments ( Fig. 2a) . 192
For the C12-C16 fraction, there was no significant difference in residual hydrocarbon between 193 the two 35 o C treatments with different level of salinity. The concentration of residual hydrocarbon 194 was lower in the 60 o C treatments than in the 35 o C treatments. For the 60 o C treatments, the 195 concentration of residual hydrocarbon was much lower at higher salinity than at the lower salinity 196 (significant at p<0.05) (Fig. 2b) . 35 o C treatments, the concentration of residual hydrocarbon was lower at the higher salinity level than 207 at the lower salinity level (Fig. 2c) . 208
4
Discussion 209
Under the set experimental conditions, the maximum decomposition rate of petroleum 210 hydrocarbons was achieved at the highest dose of H 2 O 2 (1.5%). At this dosage level, over 70%, 50% 211 and 25% of aliphatic C16-C21, C21-C35 and C35-C40, respectively, was eliminated, depending on 212 the type of ferrous iron-containing materials being used to trigger the Fenton reaction (Table 3 ). The 213 decreasing removal rate with increasing length of carbon chain is expected since larger petroleum 214 hydrocarbon molecules tend to be more resistant to chemical attack (Waples, 1985 It is interesting to note that while there was a trend showing the decomposition rate of aromatic 234 hydrocarbons decreased with increasing length of carbon chain in the ferrous sulfate and magnetite 235 systems, the opposite was observed in the pyrite system where the decomposition rate of aromatic 236 hydrocarbons increased with increasing length of carbon chain (Table 3) hydrocarbons than for aromatic hydrocarbons in the ferrous sulfate and magnetite systems. 240
Apart from the generally poorer performance of ferrous sulfate and pyrite relative to magnetite 241 in terms of decomposing the long-chain petroleum hydrocarbons, the formers are hazardous 242 materials that require careful handling while the latter is generally viewed as harmless or less 243 harmful material. It is therefore reasonable to select magnetite as a source of ferrous iron for 244 advanced oxidation of long-chain petroleum hydrocarbons. 245
While it is generally believed that Fenton reaction is accelerated by increase in temperature 246 occurring. This could effectively eliminate the inhibitory effect of chloride on Fenton reaction. In 265 fact, the removal rate of aliphatic hydrocarbons in our experiment even tended to be higher at a 266 higher salinity when the temperature was 60 o C and the removal rate of aromatic hydrocarbons tended 267 to be higher at a higher salinity when the temperature was 35 o C. The reason for this is unclear and 268 further investigation is required to gain insights into the mechanism behind the observed 269
phenomenon. 270
While it is expected that a higher dosage level of H 2 O 2 could result in higher decomposition rate 271 of the petroleum hydrocarbons, the use of H 2 O 2 at a concentration of 1.5% is deemed to be more 272 appropriate for safe on-ground soil treatment operation purposes (Kalloo et al., 1997; Young et al., 273 2003) . This also considers the special climatic conditions in desert areas where the soil moisture 274 content tends to be very low and therefore requires a larger volume of liquid to be added into the 275 contaminated soils to ensure sufficient contact between the hydroxyl radical and the petroleum 276
hydrocarbons. An increase in concentration of H 2 O 2 will markedly increase the treatment costs, 277 which could outweigh the potential benefit from the enhanced removal rate of soil-borne petroleum 278 hydrocarbons. The use of a low dose of H 2 O 2 can be further justified by the fact that desert soils 279 frequently contain only a limited amount of organic matter. The presence of soil organic matter could 280 strongly compete with the petroleum hydrocarbons for the available hydroxyl radical generated from 281
Fenton-like reaction (Wang et al., 2015) . The organic matter-deficient nature of desert soils means 282 that competitive consumption of hydroxyl radical by this consumer is limited. 283
The findings obtained from this study have implications for developing cost-effective strategies 284 to remediate aged crude oil-contaminated soils in desert areas such as the widespread oil-285 contaminated soils in Kuwait that were resulted from the first Gulf War. Following the weathering 286 for over two decades, the volatile component of the crude oil has been translocated into atmosphere, 287 resulting in that the long-chain species dominated in the soil-borne petroleum hydrocarbons. This 288 area has an average annual rainfall of less than 150 mm and an average maximum temperature range 289 of 40-46 o C during the period from May to September. Saline soils are common in this area with 290 some of the soils having an electrical conductivity greater than 10 dS/m (our unpublished data). The 291 discovery that high soil temperature and salinity did not adversely affect the chemical oxidation of 292 the long-chain petroleum hydrocarbons suggests that proposed advanced oxidation method is 293 suitable for being used in the Kuwaiti oil lake areas. Based on current market price, the costs for the 294 materials needed to treat aged crude oil-contaminated soils with a total petroleum hydrocarbon about 295 5% in the desert areas are less than US$45 per ton. This chemical treatment results in no generation 296 of known toxic substances that could adversely affect the growth of petroleum hydrocarbon-297 degrading microbes. Therefore, the advanced oxidation method developed in this work can serve as 298 the pre-treatment step for the follow-up bioremediation as long as favourable environmental 299 conditions are created to meet the growth requirements for hydrocarbon-degraders (Xu et al., 2011) . 300
Conclusion 301
The decomposition rate of petroleum hydrocarbons was similar to each other for ferrous sulfate 302 and magnetite reaction systems. But the capacity of pyrite to trigger Fenton-driven decomposition of 303 long-chain aliphatic petroleum hydrocarbons was weaker, as compared to ferrous sulfate and 304 magnetite. The degradation rate of aromatic hydrocarbons decreased with increasing length of 305 carbon chain in the ferrous sulfate and magnetite systems. However, the opposite was observed in 306 
